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In this work, we present the quasinormal modes of a fermionic field in the background of Gauss–
Bonnet–AdS black holes. We find exact solutions for D = 5 at the fixed value α = R2/2 of the
Gauss–Bonnet coupling constant, with R denoting the AdS radius, and we find numerical solutions
for some range of values of the coupling constant α and D = 5, 6. Mainly, we find two branches
of quasinormal frequencies, a branch perturbative in the Gauss–Bonnet coupling constant α, and
another branch nonperturbative in α. The phenomena of nonperturbative modes, which seem to be
quite general in theories with higher curvature corrections, have been obtained in the spectrum of
gravitational field perturbations and scalar field perturbations in previous works. We show that it
also arises for fermionic field perturbations and therefore seems to be independent of the spin of the
field under consideration. However, in contrast to gravitational and scalar field perturbations, where
the nonperturbative modes are purely imaginary, we find that for fermionic field perturbations the
nonperturbative modes acquire a real part. We find that the imaginary part of the quasinormal
frequencies is always negative in both branches; therefore, the spherical Gauss–Bonnet–AdS black
holes are stable against fermionic field perturbations.
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3I. INTRODUCTION
Quasinormal modes (QNMs) and quasinormal frequencies (QNFs) have been a subject of study for a long time
[1–5] and have recently acquired great interest due to the detection of gravitational waves [6]. Despite the detected
signal being consistent with the Einstein gravity [7], there are great uncertainties in mass and angular momenta of
the ringing black hole, which leaves open possibilities for alternative theories of gravity [8]. In this sense, higher order
curvature corrections to the Einstein gravity, such as Gauss–Bonnet terms, are an interesting alternative, mainly
because they appear at the low-energy limit of string theory. QNMs are important in the analysis of the classical
stability of black holes against probe matter fields. On the other hand, QNMs are important in the context of the
AdS/CFT correspondence, and the QNMs of asymptotically AdS black holes play a crucial role in the holographic
description of quark-gluon plasmas [9, 10].
The QNMs of Gauss-Bonnet and Lovelock black holes in asymptotically flat and de Sitter space-times have been
studied numerically in Refs. [11–15] and in [16] at the non-zero axion field. Exact solutions for five-dimensional Gauss-
Bonnet-AdS black holes with the fixed coupling constant α = R2/2, with R being the AdS radius, were founded in
Refs. [17, 18]. The gravitational QNMs and the dual hydrodynamic regime for Gauss-Bonnet-anti-de Sitter black
holes with the planar horizon were analyzed in [19, 20], and it was found that the QNMs of asymptotically AdS black
holes in theories with higher curvature corrections may help to describe the regimen of intermediate t’ Hooft coupling
in the dual field theory. Furthermore, it have been shown in [18–21] that the characteristic quasinormal spectra
of a spherical Einstein–Gauss–Bonnet-AdS black hole are qualitatively different from their Einsteinian analogues,
because there are nonperturbative modes in the Gauss–Bonnet coupling constant α. Moreover, the black holes present
gravitational instabilities, or eikonal instability, for the new branch of nonperturbative modes. This occurs also for
the asymptotically flat space-times [22, 23], and in some parameter ranges the new, nonperturbative in α modes
may be dominant, leading to the qualitatively different profile of gravitational ringdown. The new nonperturbative
modes were found for several quite different situations: not only for the Gauss–Bonnet, but also for the fourth-order
in curvature (R4) theory [19], for asymptotically flat [22–24] and AdS black holes [18, 19, 21] and black branes, for
gravitational [19, 21] and scalar field perturbations [18]. On the other hand, it has been shown that four-dimensional
Einstein-dilaton-Gauss-Bonnet theory admits a wormhole solution without introducing any exotic matter known as
Kanti-Kleihaus-Kunz wormhole [25], which is unstable against small perturbations for any values of its parameters.
This kind of instability is driven by the purely imaginary mode, which is nonperturbative in the Gauss-Bonnet coupling
[26].
Therefore, the phenomena of nonperturbative modes seems to be quite general and independent of the asymptotic
behavior of a black hole (flat, dS, AdS), topology of the event horizon (black hole or black brane), spin of the field
under consideration (scalar, gravitational, etc.), and, possibly, even of the particular form of the higher curvature
corrections (Gauss-Bonnet, Lovelock, R4, etc.). So, this nonperturbative modes may produce astrophysical noticeable
imprints on the ringdown of four dimensional black holes with higher curvature corrections [27], such as Einstein-
Gauss-Bonnet-dilaton, Einstein-Weyl [22, 23] and others. From the gauge/gravity duality point of view, these modes
lead to the eikonal instability of Gauss-Bonnet black holes at some critical values of coupling constants [18, 21], so
that they determine possible constraints on the holographic applicability of the black hole backgrounds.
In this work we extend the previously mentioned studies of the scalar test field to the fermionic test field to analyze
the stability of its propagation in the background of a Einstein-Gauss-Bonnet-AdS black hole and to show the existence
of nonperturbative in α fermionic modes. In order to reach this goal, we use the improved asymptotic iteration method
(AIM) [28], which is an improved version of the AIM proposed in Refs. [29, 30]. Also, we employ the spectral method
[31] by using the Chebyshev basis when the improved AIM turns out to be difficult to apply effectively, which occurs
for high overtone modes; this method has been applied in Refs. [32, 33]. However, at a fixed Gauss-Bonnet coupling
α = R2/2 we find an exact solution for the QNMs for fermionic fields in this background. It is known that there is
exact solution of the master perturbation equations for this case. Despite it suffering from the eikonal instability [21],
and thereby from the absence of convergence in ℓ, the fixed ℓ-perturbations have no such problem.
Regarding some studies of fermionic fields in black hole backgrounds, Chandrasekhar studied the general properties
of a massive Dirac field equation in the Kerr background [34], and it was recently shown that there are infinitely
long-lived QNMs (quasiresonances) in the fermions quasinormal spectrum [35] for this spacetime. Also, massless and
massive Dirac QNFs in the Schwarzschild black hole spacetime was studied by using the third-order WKB method
[36], and by using continued fraction and Hill-determinant approaches. Moreover, the study was extended to the
Schwarzschild-de Sitter black hole by using the sixth-order WKB method [37], and the Dirac QNMs of the Reissner-
Nordstro¨m de Sitter black hole was studied by using the Po¨shl-Teller potential approximation [38]. Other interesting
studies have been conducted in [39, 40] for Lifshitz black holes, in [41] for new type black hole in three space-time
dimensions, in [42] for a two-dimensional charged dilatonic black hole and in [43] for Chern-Simons and BTZ black
holes with torsion.
The paper is organized as follows: In Sec. II we give a brief review of the Einstein-Gauss-Bonnet-AdS black hole
4backgrounds. Sec. III gives exact and numerical data on quasinormal modes for a fermionic field test at various values
of α in the region of stability. Finally, in Sec. IV, we present the conclusions.
II. EINSTEIN–GAUSS–BONNET–ADS BLACK HOLES
The Lagrangian of the D-dimensional Einstein–Gauss–Bonnet theory with a cosmological constant Λ is given by
L = −2Λ +R+ α
2
(RµνλσR
µνλσ − 4RµνRµν +R2) , (1)
where α is the Gauss–Bonnet coupling constant. For D = 4, the Gauss–Bonnet term is a topological invariant. Thus,
the Gauss–Bonnet term contributes only to D > 4 space-time dimensions. An exact black hole solution of the field
equations of theory (1) is described by the following static spherically symmetric metric [44]:
ds2 = −f(r)dt2 + 1
f(r)
dr2 + r2 dΩ2n , (2)
where dΩ2n is a (n = D − 2)-dimensional line element of Sκn manifold of constant curvature κ = ±1, 0 and
f(r) = κ− r2 ψ(r) , (3)
where ψ(r) satisfies
W [ψ] ≡ n
2
ψ(1 + α˜ψ)− Λ
n+ 1
=
µ
rn+1
, (4)
being µ an integration constant, proportional to mass. Here the Gauss–Bonnet coupling constant α˜ is
α˜ ≡ α (n− 1)(n− 2)
2
.
It is worth noting that for
ψ(r) =
4
(
µ
rn+1 +
Λ
n+1
)
n+
√
n2 + 8α˜n
(
µ
rn+1 +
Λ
n+1
) , (5)
the black hole solution of (4), which goes over into the known Tangherlini solutions [45], allowing for a non-zero
Λ-term. In this paper we shall consider just this branch of solutions, because it has the known Einsteinian (α = 0)
asymptotically flat, de Sitter and anti-de Sitter limits. When Λ = 0, there is another branch of asymptotically anti-de
Sitter solutions, which do not have the Einsteinian limit. In the following, we fix κ = 1 in order to consider a compact
(spherical) black hole with the event horizon radius rH . Also, in order to measure all quantities in units of length for
any value of D, it is convenient to express µ as [12]
µ =
n rn−1H
2
(
1 +
α˜
r2H
− 2Λr
2
H
n(n+ 1)
)
. (6)
and Λ as
Λ = −n(n+ 1)
2R2
(
1− α˜
R2
)
, (7)
where the AdS radius R has been defined by the relation ψ(r → ∞) = −1/R2. The above equation implies that
α˜ < R2. It is worth mentioning that, when R2/2 < α˜ < R2, the solution (5) does not satisfy the relation ψ(r →∞) =
−1/R2 and describes a black hole, which is identical to the one with α˜ < R2/2 after some re-scaling of parameters.
Therefore, in the following we will consider black holes with α˜ < R2/2 [27]. In D = 5 case α = α˜ and when, in
addition, α = R2/2, the metric function f(r) has a BTZ-like form
f(r) =
r2
R2
+ 1−
√
4µ
3R2
=
r2 − r2H
R2
. (8)
This simplification of the metric function will make it possible allow to obtain an analytical solution to the Dirac
equation, as we will show in the next section.
5III. FERMIONIC QUASINORMAL MODES
A minimally coupled fermionic field to curvature in the background of a Einstein–Gauss–Bonnet–AdS black holes
is given by the Dirac equation in curved space
(γµ∇µ +m)ψ = 0 , (9)
where the covariant derivative is defined as ∇µ = ∂µ + 12ωabµJab, with ωab being the Levi-Civita spin connection and
Jab =
1
4 [γa, γb], the generators of the Lorentz group are defined through the gamma matrices in a flat spacetime γ
a,
which can be expressed through the gamma matrices in curved space-time γµ by γµ = eµaγ
a. In order to solve the
Dirac equation (9), we use the diagonal vielbein
e0 =
√
f dt, e1 =
1√
f
dr, e2 = r dθ, e3 = r sin θ dφ, e4 = r sin θ sinφdϕ , (10)
and from the null torsion condition dea + ωab ∧ eb = 0, the nonzero components of the spin connection are given by
ω01 =
f ′(r)
2
dt, ω12 = −
√
f dθ, ω13 = −
√
f sin θ dφ, ω14 = −
√
f sin θ sinφdϕ,
ω23 = − cos θ dφ, ω24 = − cos θ sinφdϕ, ω34 = − cosφdϕ . (11)
Now, using the following representation of the gamma matrices γ0 = iσ2 ⊗ 1 , γ1 = σ1 ⊗ 1 , γm = σ3 ⊗ γ˜m, where
σi are the Pauli matrices, and γ˜m are the Dirac matrices in the base manifold Ωn, along with the following ansatz for
the fermionic field
ψ =
e−iωt
rn/2f1/4
(
ψ1
ψ2
)
⊗ ς , (12)
where ς is a n-components fermion. The following equations are thus obtained:
− iω√
f
ψ2 +
√
fψ′2 +
λ
r
ψ1 +mψ1 = 0 ,
iω√
f
ψ1 +
√
fψ′1 −
λ
r
ψ2 +mψ2 = 0 , (13)
where λ is the eigenvalue of the Dirac operator on the n-dimensional sphere and is given by λ = ±i(ℓ + n/2), with
ℓ = 0, 1, 2, ... and the prime denotes the derivative with respect to the radial coordinate r. These equations can be
decoupled as
ψ′′1 +
(
1
2
f ′(r)
f(r)
+
λ
r(λ −mr)
)
ψ′1 +
r2ω(mr − λ) (2ω − if ′(r)) − 2f(r) ((λ+mr)(λ −mr)2 + iλrω)
2r2f(r)2(mr − λ) ψ1 = 0 , (14)
ψ′′2 +
(
1
2
f ′(r)
f(r)
+
λ
r(λ +mr)
)
ψ′2 +
r2ω(mr + λ) (2ω + if ′(r)) − 2f(r) ((−λ+mr)(λ +mr)2 + iλrω)
2r2f(r)2(mr + λ)
ψ2 = 0 . (15)
Notice that (15) can be obtained from (14) by means of the substitutions ψ1 → ψ2, ω → −ω and λ→ −λ.
A. Stability of massless fermionic field
The above equations (13), for a massless fermionic field, can be reduced to
−iωZ+ − dZ−
dr∗
= WZ− , (16)
−iωZ− − dZ+
dr∗
= −WZ+ , (17)
where we have defined Z± = ψ1 ± iψ2 and W = −iλ
√
f/r, see [46], and the tortoise coordinate r∗ is defined as usual
by dr∗ = dr/f . Now, decoupling (16) and (17), we obtain the following Schro¨dinger-like equations:
− d
2Z±
dr∗2
+ V± = ω
2Z± , (18)
6where the effective potentials V± are given by
V± = W
2 ± dW
dr∗
= ±iλf
√
f
r2
∓ iλf
′
√
f
2r
− λ
2f
r2
. (19)
We can observe that the potentials are not positive-definite. Suitable boundary conditions for the fermionic field are
a purely ingoing wave at the event horizon and it vanishes at spatial infinity:
Z±
∣∣
r∗→−∞
∝ e−iωr∗ , Z±
∣∣
r∗→0
→ 0 . (20)
Now, we shall show that the classical stability of the massless fermionic field in this background can be proven using
the S-deformation method [47]. So, multiplying Eq. (18) by Z∗±, then performing an integration by parts and taking
into account the boundary conditions (20), one can arrive at the following expression:∫ 0
−∞
(
V±(r)|Z±(r∗)|2 +
∣∣∣∣dZ±(r∗)dr∗
∣∣∣∣2
)
dr∗ = Z∗±
dZ±
dr∗
∣∣∣
r∗=0
+ iω|Z±(r∗ = −∞)|2 + ω2
∫ 0
−∞
|Z±(r∗)|2dr∗ . (21)
The first term on the right-hand side of this equation is zero by the boundary condition (20), and one may conclude
that the imaginary part of ω is always negative when V±(r) > 0 in the region outside the event horizon, see [47, 48]
for details. The potentials V± are not positive-definite; however, in the S-deformation method a new derivative
D = ddr∗ + S(r
∗) is defined, and the first integral in (21) can be written as
∫ 0
−∞
(
V±(r)|Z±(r∗)|2 +
∣∣∣∣dZ±(r∗)dr∗
∣∣∣∣2
)
dr∗ =
∫ 0
−∞
(
V˜±|Z±(r∗)|2 + |DZ±|2
)
dr∗ − S(r∗)|Z±(r∗)|2
∣∣∣∣∣
r∗=0
r∗=−∞
, (22)
where V˜± = V± +
dS
dr∗ − S2. Appropriate functions are given by S = −W for V+ and S = W for V− [48, 49]. In
this case, V˜± = 0 and we have W (r
∗ = −∞) = 0 and W (r∗ = 0) is a constant, which ensures that the integral
is positive, and thus guarantees the stability of the fermionic field. Having demonstrated that the propagation of
massless fermionic fields is stable in this background, in the following, we shall analyze two cases separately: the first
is the special case in five space-time dimensions with α = R2/2, where we obtain the analytical solution to the radial
equation, and the second case corresponds to the general case α 6= R2/2 and D = 5, 6, where we obtain the QNFs
numerically by using the improved AIM approach for D = 5 and the shooting method for D = 6.
B. Analytical solution
In this section we obtain analytically the eigenvalues of the wave equation in D = 5 case and α = R2/2. In this
case, as we have mentioned, the metric function reduces to the BTZ-like form f(r) =
(
r2 − r2H
)
/R2, and the following
substitutions
ψ1 ± ψ2 = (cosh(ρ/2)± sinh(ρ/2)) (φ1 ± φ2) , (23)
in Eqs. (13) and the change of variables z = tanh2 ρ, with r = rH cosh ρ, enable us to obtain the following equations
2
√
z(1− z) ∂zφ1 +
(
iωR2
rH
z−1/2 − λR
rH
z1/2
)
φ1 +
(
1
2
+mR+
iωR2
rH
− λR
rH
)
φ2 = 0 ,
2
√
z(1− z) ∂zφ2 −
(
iωR2
rH
z−1/2 − λR
rH
z1/2
)
φ2 +
(
1
2
+mR− iωR
2
rH
+
λR
rH
)
φ1 = 0 . (24)
So, by decoupling φ1 from this system of equations we obtain
φ′′1 (z) +
1− 3z
2z(1− z)φ
′
1(z)−
1
16r2Hz
2(1− z)2
(
(rH + 2mrHR)
2z + 4rHR(1− z)(zλ+ iRω)
−4R2(1 − z)(zλ2 +R2ω2)
)
φ1(z) = 0 , (25)
and a similar equation for φ2 but with the replacement λ→ −λ and ω → −ω. Then, defining
φ1 (z) = z
α (1− z)β F (z) , (26)
7with
α = − iR
2ω
2rH
, β =
1
4
(1 + 2mR) , (27)
the radial equation reduces to the Gauss’s hypergeometric equation for F (z)
z (1− z)F ′′ (z) + (c− (1 + a+ b) z)F ′ (z)− abF (z) = 0 , (28)
which has three regular singular points at z = 0, z = 1 and z =∞. The solution is given by
φ1 = C1z
α (1− z)β 2F1 (a, b, c, z) + C2z1/2−α (1− z)β 2F1 (a− c+ 1, b− c+ 1, 2− c, z) , (29)
where, 2F1(a, b, c; z) denotes the hypergeometric function and C1, C2 are integration constants, with the other con-
stants being defined as
a =
1
2
+ α+ β − λR
2rH
,
b = α+ β +
λR
2rH
,
c =
1
2
+ 2α . (30)
Now, by imposing as boundary conditions at the horizon that there are only ingoing modes implies that C2 = 0.
Thus, the solution simplifies to
φ1 (z) = C1z
α (1− z)β 2F1 (a, b, c, z) . (31)
On the other hand, using Kummer’s formula for hypergeometric functions [50],
2F1 (a, b, c, z) =
Γ (c) Γ (c− a− b)
Γ (c− a) Γ (c− b)2F1 (a, b, a+ b− c, 1− z) +
(1− x)c−a−b Γ (c) Γ (a+ b− c)
Γ (a) Γ (b)
2F1 (c− a, c− b, c− a− b+ 1, 1− z) , (32)
the behavior of the field at the sptial infinity (z → 1) is given by
φ1 (z → 1) = C1 (1− z)β Γ(c)Γ(c− a− b)
Γ(c− a)Γ(c− b) + C1(1 − z)
−β Γ(c)Γ(a+ b− c)
Γ(a)Γ(b)
. (33)
Imposing that the fermionic field vanishes at spatial infinity yields the condition a = −n or b = −n, where n =
0, 1, 2, .... Therefore, the following sets of QNFs are obtained:
ω1R = ±(ℓ+ 3
2
)− i
2
rH
R
(4n+ 3 + 2mR) ,
ω2R = ±(ℓ+ 3
2
)− i
2
rH
R
(4n+ 1 + 2mR) , (34)
which can be combined into one set as
ωR = ±(ℓ+ 3
2
)− i
2
rH
R
(2n+ 1 + 2mR) . (35)
QNFs have real and imaginary parts, and the imaginary part is negative, which guarantees that the propagation of
the fermionic field is stable in this background. Similarly, decoupling φ2 from the system of equations (24), another
set of quasinormal frequencies can be obtained. However, our numerical investigation shows that the same QNFs are
obtained.
8C. Numerical solutions
In this section, we obtain the QNFs numerically for a range of values of α and D = 5, 6. We will employ the
improved AIM for D = 5, which is an improved version of the AIM proposed in Refs. [29, 30], and the spectral
method in the D = 6 case. For D = 6 we find that the improved AIM is difficult to apply effectively for high overtone
modes.
In order to implement the improved AIM, we must consider the fermionic field and its behaviors at the horizon and
at spatial infinity. It is convenient to introduce the coordinate y = 1− rH/r So, at the horizon, y → 0, the behavior
of the fermionic field is given by the solution of Eq. (14) at the horizon, which yields
ψ1 (y → 0) ∼ C1y−
iωrH
f′(0) + C2y
1
2+
iωrH
f′(0) , (36)
where, in the above equation and in the following the metric function is viewed as a function of the new radial
coordinate f(y), and the prime denotes derivative with respect to y. So, in order to have only ingoing waves at the
horizon, we impose C2 = 0. On the other hand, at spatial infinity, from Eq. (14) we find that the fermionic field
behaves as
ψ1 (y → 1) ∼ D1 (1− y)A +D2 (1− y)−A , (37)
where A = mR due to α˜ < R2/2. So, in order to have a null fermionic field at infinity we impose D2 = 0. Therefore,
taking into account these behaviors we define the variable χ by
ψ1 (y) = y
−
iωrH
f′(0) (1− y)A χ (y) , (38)
Then, by inserting this field into the radial equation, we obtain the homogeneous linear second-order differential
equation for the function χ(y)
χ′′ = λ0(y)χ
′ + s0(y)χ , (39)
where
λ0(y) =
−2 (2mrH (−irH(−1 + y)ω + (1 +A)yf ′(0)) + (−1 + y)λ (−2irH(−1 + y)ω + (1 + 2A)yf ′(0)))
2(−1 + y)y(mrH + (−1 + y)λ)f ′(0)
− f
′(y)
2f(y)
, (40)
and
s0(y) =
r2Hω
2
y2f ′(0)2
− r
2
Hω
2
(y − 1)4f(y)2 +
irHω(mrH(2Ay + y + 1) + λ(y − 1)(2Ay + 1))
(y − 1)y2f ′(0)(mrH + λ(y − 1))
+f ′(y)
(
A
2−2y +
irHω
2yf ′(0)
f(y)
+
irHω
2(y − 1)2f(y)2
)
− A((A+ 1)mrH +Aλ(y − 1))
(y − 1)2(mrH + λ(y − 1))
+
(mrH + λ(y − 1))(λ+mrH − λy)
f(y)(y − 1)4 +
iλrHω
f(y)(y − 1)2(mrH + λ(y − 1)) . (41)
As we have mentioned, for ψ2 our numerical solutions show the same QNFs that for ψ1.
Thus, in order to implement the improved AIM, it is necessary to differentiate Eq. (39) n times with respect to y,
which yields the following equation:
χn+2 = λn(y)χ
′ + sn(y)χ , (42)
where
λn(y) = λ
′
n−1(y) + sn−1(y) + λ0(y)λn−1(y) , (43)
and
sn(y) = s
′
n−1(y) + s0(y)λn−1(y) . (44)
9Then, by expanding the λn and sn in a Taylor series around the point, ξ, at which the improved AIM is performed
λn(ξ) =
∞∑
i=0
cin(y − ξ)i , (45)
sn(ξ) =
∞∑
i=0
din(y − ξ)i , (46)
where the cin and d
i
n are the i
th Taylor coefficients of λn(ξ) and sn(ξ), respectively, and by replacing the above
expansion in Eqs. (43) and (44), the following set of recursion relations for the coefficients is obtained:
cin = (i+ 1)c
i+1
n−1 + d
i
n−1 +
i∑
k=0
ck0c
i−k
n−1 , (47)
din = (i + 1)d
i+1
n−1 +
i∑
k=0
dk0c
i−k
n−1 . (48)
In this manner, by considering Taylor expansions the improved AIM avoided the derivatives that contain the AIM in
[28, 51], and the quantization conditions, which is equivalent to imposing a termination to the number of iterations
[52], which is given by
d0nc
0
n−1 − d0n−1c0n = 0 . (49)
By solving this equation numerically we find the QNFs. In Fig. 1 we plot the behavior of Re(ω)R and Im(ω)R for the
first overtone as a function of α/R2 for the perturbative branch in α and different values of the mass of the fermionic
field mR = 0.01, 0.1, 0.2. We observe that the QNFs have real and imaginary parts, with the imaginary part being
negative, which guarantees the stability of the propagation of the fermionic field. Also, when α increases, the real
part of the QNFs increase and the imaginary part decrease. Additionally, when mR increase the real and imaginary
part of the QNFs decrease. In Table I (see Appendix) we show the numerical values of QNFs plotted in Fig. 1. Also,
when λ increases the real part of the QNFs decrease and the imaginary part increase. In Table II (see Appendix)
we show the numerical values of the QNFs plotted in Fig. 2. Then, in Fig. 3 we plot the behavior of Re(ω)R and
Im(ω)R for the fundamental QNF as a function of α/R2 for the perturbative branch in α and different values of λ.
We observe that the QNFs have real and imaginary parts, with the imaginary part being negative, which guarantees
the stability of the propagation of the fermionic field in this background. Also, when α increases, the real part of the
QNFs decreases and the imaginary part increases. Additionally, when λ increase the real and imaginary parts of the
QNFs increase. In Table III (see Appendix) we show the numerical values of the QNFs plotted in Fig. 3.
On the other hand, we consider the case D = 6, and we find the fundamental QNFs for different values of the
parameter α˜/R2 by using the spectral method for the perturbative and nonperturbative branches in α. Notice that
the QNFs have real and imaginary parts, with the imaginary part being negative, which guarantees the stability of
the propagation of the fermionic field in this background; however, there is a gravitational instability in the region
0.42 . α˜/R2 . 0.6 [21]. Interestingly enough, in contrast to gravitational and scalar field perturbations, where the
nonperturbative modes are purely imaginary, we observe that the QNFs for the nonperturbative modes acquire a real
part.
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Figure 1. The behavior of Re(ω)R (left panel) and Im(ω)R (right panel) versus α/R2 for the perturbative branch in α with
D = 5, rH/R = 5, λ = 1.5i and different values of the mass m and α. mR = 0.01 (blue, upper), mR = 0.1 (red, middle) and
mR = 0.2 (black, lower)
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Figure 2. The behavior of Re(ω)R (left panel) and Im(ω)R (right panel) versus α/R2 for the perturbative branch in α with
D = 5, rH/R = 5 and mR = 0.1. Blue points for λ = 1.5i (lower) and red points for λ = 2.5i (upper)
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Figure 3. The behavior of Re(ω)R (left panel) and Im(ω)R (right panel) versus α/R2 for the perturbative branch in α with
D = 5, rH/R = 5 and mR = 0.1. Blue points for λ = 1.5i (lower) and red points for λ = 2.5i (upper)
IV. FINAL REMARKS
In this work, we considered Einstein–Gauss–Bonnet–AdS black holes as backgrounds, and we studied the propaga-
tion of a fermionic field in such backgrounds. We found the exact solution of the eigenvalues for the wave equation
in D = 5 space-time dimensions at the fixed value α = R2/2 of the Gauss–Bonnet coupling constant and numerical
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Figure 4. The behavior of Re(ω)R (left panel) and Im(ω)R (right panel) for the perturbative branch in α (blue) and for the
nonperturbative branch in α (red) with D = 6, rH/R = 5, λ = 2i and mR = 0.1. The region 0.42 . α˜/R
2 . 0.6 corresponds
to (eikonal) gravitational instability [21].
solutions for other values of the coupling constant α and D = 5, 6 by using the improved AIM approach for D = 5 and
the spectral method for D = 6. Mainly, we found two branches of QNFs, a perturbative branch in the Gauss–Bonnet
coupling constant α, and another nonperturbative branch in α, that is, they do not exist in the limit α = 0. The
nonperturbative branch in α is characterized by the growth of the imaginary part when α is decreasing, while for the
perturbative branch in α the QNFs tend to the QNFs of Schwarzschild AdS when α → 0. We showed that the phe-
nomena of nonperturbative modes, which have been obtained in the spectrum of gravitational field perturbations and
scalar field perturbations in previous works, also arise for fermionic field perturbations and therefore the phenomena
of nonperturbative modes seems to be independent of the spin of the field under consideration. However, in contrast
to gravitational and scalar field perturbations, where the nonperturbative modes are purely imaginary, we found that
for fermionic field perturbations the nonperturbative modes acquire a real part. The QNFs have real and imaginary
parts for both branches, and the imaginary part is always negative; therefore, the spherical Gauss–Bonnet–AdS black
holes are stable against fermionic field perturbations.
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Appendix: Numerical quasinormal frequencies
In this appendix we show tables with the numerical values of the QNFs plotted in some figures
Table I. Improved AIM. Quasinormal frequencies of fermionic field for perturbative branch, with D = 5, rH/R = 5, λ = 1.5i
and different values of the mass of the femionic field m and the coupling constant α.
mR α/R2 Re(ω)R Im(ω)R α/R2 Re(ω)R Im(ω)R
0.1 −5.95382 −9.70816 0 −6.72108 −9.31105
0.09 −6.04212 −9.66922 −0.01 −6.78574 −9.27200
0.08 −6.12752 −9.62979 −0.02 −6.84861 −9.23331
0.07 −6.21014 −9.59002 −0.03 −6.90976 −9.19501
0.01 0.06 −6.29012 −9.55004 −0.04 −6.96927 −9.15712
0.05 −6.29012 −9.55004 −0.05 −7.02723 −9.11968
0.04 −6.44264 −9.46988 −0.06 −7.08369 −9.08269
0.03 −6.51542 −9.42988 −0.07 −7.13873 −9.04617
0.02 −6.51542 −9.42988 −0.08 −7.19240 −9.01014
0.01 −6.65454 −9.35041 −0.09 −7.24477 −8.97460
0.1 −6.27102 −10.03184 0 −6.99740 −9.52655
0.09 −6.35544 −9.97986 −0.01 −7.05811 −9.47899
0.08 −6.43683 −9.92795 −0.02 −7.11710 −9.43213
0.07 −6.51536 −9.87623 −0.03 −7.17446 −9.38599
0.1 0.06 −6.59119 −9.82481 −0.04 −7.23026 −9.34056
0.05 −6.66447 −9.77377 −0.05 −7.28458 −9.29587
0.04 −6.73535 −9.72319 −0.06 −7.33750 −9.25191
0.03 −6.80396 −9.67313 −0.07 −7.38908 −9.20869
0.02 −6.87043 −9.62365 −0.08 −7.43938 −9.16621
0.01 −6.93488 −9.57477 −0.09 −7.48846 −9.12446
0.1 −6.65996 −10.39631 0 −7.35192 −9.76198
0.09 −6.74101 −10.32891 −0.01 −7.40944 −9.70417
0.08 −6.81893 −10.26220 −0.02 −7.46531 −9.64745
0.07 −6.89394 −10.19628 −0.03 −7.51963 −9.59182
0.2 0.06 −6.96623 −10.13123 −0.04 −7.57248 −9.53727
0.05 −7.03598 −10.06713 −0.05 −7.62393 −9.48379
0.04 −7.10335 −10.00401 −0.06 −7.67406 −9.43137
0.03 −7.16850 −9.94191 −0.07 −7.72293 −9.38000
0.02 −7.23157 −9.88086 −0.08 −7.77060 −9.32966
0.01 −7.29267 −9.82088 −0.09 −7.81714 −9.28034
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Table II. Improved AIM. Quasinormal frequencies of fermionic field for perturbative branch, with D = 5, rH/R = 5, mR = 0.1
and different values of λ and α.
λ α/R2 Re(ω)R Im(ω)R α Re(ω)R Im(ω)R
0.1 −6.27102 −10.03184 0 −6.99740 −9.52655
0.09 −6.35544 −9.97986 −0.01 −7.05811 −9.47899
0.08 −6.43683 −9.92795 −0.02 −7.11710 −9.43213
0.07 −6.51536 −9.87623 −0.03 −7.17446 −9.38599
1.5i 0.06 −6.59119 −9.82481 −0.04 −7.23026 −9.34056
0.05 −6.66447 −9.77377 −0.05 −7.28458 −9.29587
0.04 −6.73535 −9.72319 −0.06 −7.33750 −9.25191
0.03 −6.80396 −9.67313 −0.07 −7.38908 −9.20869
0.02 −6.87043 −9.62365 −0.08 −7.43938 −9.16621
0.01 −6.93488 −9.57477 −0.09 −7.48846 −9.12446
0.1 −7.50293 −9.33772 0 −8.14275 −8.81410
0.09 −7.57797 −9.28251 −0.01 −8.19563 −8.76583
0.08 −7.65015 −9.22779 −0.02 −8.246929 −8.71836
0.07 −7.71962 −9.17363 −0.03 −8.29672 −8.67169
2.5i 0.06 −7.78657 −9.12010 −0.04 −8.34509 −8.62583
0.05 −7.85113 −9.06724 −0.05 −8.39211 −8.58077
0.04 −7.91345 −9.01509 −0.06 −8.43785 −8.53649
0.03 −7.97365 −8.96369 −0.07 −8.48237 −8.49300
0.02 −8.03186 −8.91304 −0.08 −8.52572 −8.45029
0.01 −8.08819 −8.86318 −0.09 −8.56798 −8.40835
Table III. Improved AIM. Quasinormal frequencies of fermionic field for nonperturbative branch, with D = 5, rH/R = 5,
mR = 0.1 and different values of λ and α.
λ α/R2 Re(ω)R Im(ω)R α/R2 Re(ω)R Im(ω)R
0.1 2.98441 −4.45140 0 3.36017 −4.59301
0.09 3.02395 −4.46847 −0.01 3.39521 −4.60410
0.08 3.06309 −4.48482 −0.02 3.42977 −4.61472
0.07 3.10180 −4.50048 −0.03 3.46386 −4.62491
1.5i 0.06 3.14008 −4.51547 −0.04 3.49747 −4.63468
0.05 3.17791 −4.52983 −0.05 3.53060 −4.64404
0.04 3.21530 −4.54358 −0.06 3.56326 −4.65303
0.03 3.25222 −4.55675 −0.07 3.59546 −4.66166
0.02 3.28868 −4.56936 −0.08 3.62718 −4.66994
0.01 3.32466 −4.58144 −0.09 3.65845 −4.67790
0.1 4.07169 −3.83977 0 4.37161 −3.86384
0.09 4.10406 −3.84343 −0.01 4.39884 −3.86504
0.08 4.135891 −3.84675 −0.02 4.425610 −3.86609
0.07 4.16717 −3.84977 −0.03 4.45192 −3.86699
2.5i 0.06 4.19792 −3.85250 −0.04 4.47778 −3.86775
0.05 4.22814 −3.85496 −0.05 4.50321 −3.86838
0.04 4.25784 −3.85717 −0.06 4.52820 −3.86891
0.03 4.28703 −3.85914 −0.07 4.55278 −3.86932
0.02 4.31571 −3.86090 −0.08 4.57694 −3.86964
0.01 4.34390 −3.86247 −0.09 4.60070 −3.86987
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